The combination of an appropriate design and careful management of green infrastructures may contribute to mitigate flooding (stormwater quantity) and pollutant discharges (stormwater quality) into receiving water bodies and to coping with other extreme climate impacts (such as temperature regime) on a long-term basis and water cycle variability. The vegetation health state ensures the green infrastructure's effectiveness. Due to their remarkable spatial and spectral resolution, hyperspectral sensing devices appear to be the most suited for green infrastructure vegetation monitoring according to the peculiar spectral features that vegetation exhibits. In particular, vegetation health-state detection is feasible due to the modifications the typical vegetation spectral signature undergoes when abnormalities are present. This paper presents a ground spectroscopy monitoring survey of the green roof installed at the University of Calabria fulfilled via the acquisition and analysis of hyperspectral data. The spectroradiometer, placed on a fixed stand, was used to identify stress conditions of vegetation located in areas where drought could affect the plant health state. Broadband vegetation indices were employed for this purpose. For the test case presented, data acquired agreed well with direct observations on the ground. The analyses carried out showed the remarkable performances of the broadband indices Red Difference Vegetation Index (Red DVI), Simple Ratio (SR) and Triangular Vegetation Index (TVI) in highlighting the vegetation health state and encouraged the design of a remote-controlled platform for monitoring purposes.
Introduction
In urban and industrial environments (UIEs), the progressive surface sealing due to the development of built-up areas and motorways have generated a constant loss of natural areas and a disintegration of ecosystems [1] . Severe modifications in the natural water cycle, including reduced stormwater infiltration and evapo-transpiration, have increased the frequency and magnitude of flooding in UIEs. This trend unsustainably increases exposure to natural threats in large regions of Europe for human health, the environment, cultural heritage and economic activity [2] [3] [4] . Urbanization has also significantly altered the local microclimate, with the formation of so-called urban heat islands (UHIs). Urban surfaces with low albedo and permeability typically absorb most of the incoming solar radiation and reduce evapo-transpirational cooling, respectively [5, 6] .
Preventing pluvial flooding (PF) is one of the major challenging tasks of modern towns and cities. Unlike other types of flooding, pluvial flooding is a direct, quick and localised consequence of extreme rainfall causing the surcharge of sewer-stormwater networks. It often happens with little warning and in areas not obviously prone to flooding, making it hard to manage and predict. The European Flood It is worth noting that to interpret data gathered from hyperspectral devices via proximal and remote sensing campaigns, trustworthy close-range ground-truth information is mandatory. To this aim, the spectral device is usually placed close to the objects (plants) under investigation and measurements are conducted in "controlled" conditions not necessarily in the laboratory. In our investigation, (1) the simultaneous measurement of climatic, thermo-physical, hydrological and hydraulic quantities, which are helpful to infer the health state of vegetation, and (2) the selection of specific plants as the target of the investigation permitted the determination of the vegetation indices which were the most suited to understand if vegetation was affected by a drought-induced stress. Therefore, this work offers an interesting starting point for the design of a remote-controlled platform able to monitor the vegetation health and maintain an optimal roof vegetation coverage by engineered semi-automatic procedures.
The paper is organized as follows: Section 2 describes the spectroradiometer platform and data acquisition; Section 3 reviews the vegetation hyperspectral features and the most commonly employed broadband vegetation indices; Section 4 describes the results of the investigation. The paper ends with a concluding section.
Materials and Methods

Case Study: University of Calabria's Green Roof
A green roof was installed at the University of Calabria and planted with three canopy species particularly suited to the Mediterranean climate: Carpobrotus Edulis (hereinafter Carpobrotus), Dianthus Granthianopolitanus (hereinafter Dianthus) and Cerastium Tomentosum (hereinafter Cerastium). To ensure that a green infrastructure will work properly, vegetated areas have to be continuously monitored to verify their health state. To this aim, the field-portable spectroradiometer FieldSpec 4-ASD was employed. For a detailed description of the site under investigation and data acquisition refer to References [13, 25] , respectively. Within the monitoring period (December 2014-June 2015) two canopies of each plant species, for a total of six plants, were monitored.
The study area was equipped with suitable devices for the monitoring of climatic, thermo-physical, hydrological and hydraulic quantities [25] . Solar radiation and air temperature were recorded during the sampling time by the monitoring system the green roof was equipped with. In order to simplify the results presentation, spectral data were related to air temperature ( • C), solar radiation (MJ/(m 2 )) ( Figure 1 ) and rainfall (mm/day) ( Figure 2 ). These data were collected every minute. Air temperature data from 29 January 2015 to 20 March 2015 were lacking due to the fact of sensor failure. Soil temperature and volumetric water content (VWC) ( Figure 2 ) were acquired through four SMT2 (Soil Moisture and Temperature Sensor) placed in four different points within the monitored area. The volumetric water content was then obtained by averaging the measurements from the four devices. The health condition of the plants was visually inspected by personnel with horticulture skills able to associate phenotyping (i.e., characteristic physical traits of a plant) with the plant status and annotated to be compared to the outcomes of the spectral data analysis as well as to meteo-climatic quantitative data. 
Spectroradiometer Platform and Data Acquisition
The spectroradiometer FieldSpec 4-ASD allows the measurement of a target spectral signature in the wavelength interval 350-2500 nm. It comprises two different typologies of high spectral resolution sensors: one VNIR (Visible and Near-InfraRed) sensor for the wavelength interval 350-1000 nm and graded index InGaAs photodiode SWIR (Short-Wave InfraRed) detectors for the wavelength interval 1000-2500 nm. The sensor visual field is 25°. To perform data acquisition with the spectroradiometer, the sensor was mounted at a height of 0.15 m above the foliage to ensure a large field of view including the plant only (0.005 m 2 ). The spectroradiometer supplies a single spectral signature (1D information) containing the average spectral features of the object surface which is supposed to be homogeneous. Figure 3 shows the spectroradiometer measuring spectral signatures of vegetation on a green roof.
The spectral device provides radiometrically calibrated spectral signatures of the plants under investigation. A Spectralon panel was employed as the white reference. For each sample, three spectra were collected by rotating the instrument by 90 degrees and then averaged in order to detect one representative spectral measurement per plant. For each measurement, the absence of shadows due to the pistol grip falling in the instrument field of view was carefully checked. Spectral data were measured between 11:30 and 13:00 on clear days. 
The spectroradiometer FieldSpec 4-ASD allows the measurement of a target spectral signature in the wavelength interval 350-2500 nm. It comprises two different typologies of high spectral resolution sensors: one VNIR (Visible and Near-InfraRed) sensor for the wavelength interval 350-1000 nm and graded index InGaAs photodiode SWIR (Short-Wave InfraRed) detectors for the wavelength interval 1000-2500 nm. The sensor visual field is 25 • . To perform data acquisition with the spectroradiometer, the sensor was mounted at a height of 0.15 m above the foliage to ensure a large field of view including the plant only (0.005 m 2 ). The spectroradiometer supplies a single spectral signature (1D information) containing the average spectral features of the object surface which is supposed to be homogeneous. Figure 3 shows the spectroradiometer measuring spectral signatures of vegetation on a green roof.
The spectral device provides radiometrically calibrated spectral signatures of the plants under investigation. A Spectralon panel was employed as the white reference. For each sample, three spectra were collected by rotating the instrument by 90 degrees and then averaged in order to detect one representative spectral measurement per plant. For each measurement, the absence of shadows due to the pistol grip falling in the instrument field of view was carefully checked. Spectral data were measured between 11:30 and 13:00 on clear days. Figure 4 presents the typical healthy vegetation spectral signature characterized by two evident peaks in the green (540 nm) and in the near-infrared (690-720 nm) wavelengths, green peaks and red edge, respectively; by two minima in correspondence with the pigment absorption peaks at wavelengths 420-490 nm and 660 nm (chlorophyll wells) and by the NIR plateau in the near infrared region 720-1200 nm. The red edge is another characteristic feature of the leaf spectral signature. It is located at wavelengths where reflectance rises from low values, due to the absorption of chlorophyll in the red wavelengths of the visible region (600-700 nm), to higher values in the near infrared region, related to the internal structure of the leaves and to the water content. In the near infrared region, healthy leaves are generally characterized by high values of reflectance and transmittance. In the plant senescence stage, and when the plant is unhealthy, chlorophyll degrades quicker than carotenoids, among the pigments. This entails a significant increase of reflectance in the red wavelengths of the visible region, as the absorption due to the chlorophyll is remarkably reduced. Furthermore, the leaf reflectance in the NIR region initially increases and successively diminishes when cells deteriorate [17] .
Vegetation Spectral Features and Indices
These qualitative observations of spectral signatures can be quantified via the introduction of vegetation indices [26] . Most of the VIs have been empirically determined combining bands associated to the specific features of the vegetation spectral signatures. As far as stress state detection is concerned, since stressing agents affect specific wavelengths related to the physiological characteristics of plants, bands that are sensitive and insensitive to stress are combined to detect the plant health state. Several VIs have been introduced in order to enhance a specific canopy reflectance feature or to minimize atmospheric errors, soil background scattering, etc. Vegetation indices are based on Green, Red, Visible (VIS) and NIR bands, because vegetation exhibits unique reflectance properties in these bands which can be used to measure the development and stress state of a plant. References [27] and [28] present a useful and complete review of vegetation indices available in the literature, discussing their specific applicability and representativeness according to the vegetation, environment and implementation precision. In field applications, as the one proposed in this contribution, a VI's suitability is usually tailored to the specific application requirements coupled with appropriate validation tools and methodologies on the ground [28] . Figure 4 presents the typical healthy vegetation spectral signature characterized by two evident peaks in the green (540 nm) and in the near-infrared (690-720 nm) wavelengths, green peaks and red edge, respectively; by two minima in correspondence with the pigment absorption peaks at wavelengths 420-490 nm and 660 nm (chlorophyll wells) and by the NIR plateau in the near infrared region 720-1200 nm. The red edge is another characteristic feature of the leaf spectral signature. It is located at wavelengths where reflectance rises from low values, due to the absorption of chlorophyll in the red wavelengths of the visible region (600-700 nm), to higher values in the near infrared region, related to the internal structure of the leaves and to the water content. In the near infrared region, healthy leaves are generally characterized by high values of reflectance and transmittance. In the plant senescence stage, and when the plant is unhealthy, chlorophyll degrades quicker than carotenoids, among the pigments. This entails a significant increase of reflectance in the red wavelengths of the visible region, as the absorption due to the chlorophyll is remarkably reduced. Furthermore, the leaf reflectance in the NIR region initially increases and successively diminishes when cells deteriorate [17] .
These qualitative observations of spectral signatures can be quantified via the introduction of vegetation indices [26] . Most of the VIs have been empirically determined combining bands associated to the specific features of the vegetation spectral signatures. As far as stress state detection is concerned, since stressing agents affect specific wavelengths related to the physiological characteristics of plants, bands that are sensitive and insensitive to stress are combined to detect the plant health state. Several VIs have been introduced in order to enhance a specific canopy reflectance feature or to minimize atmospheric errors, soil background scattering, etc. Vegetation indices are based on Green, Red, Visible (VIS) and NIR bands, because vegetation exhibits unique reflectance properties in these bands which can be used to measure the development and stress state of a plant. References [27, 28] present a useful and complete review of vegetation indices available in the literature, discussing their specific applicability and representativeness according to the vegetation, environment and implementation precision. In field applications, as the one proposed in this contribution, a VI's suitability is usually tailored to the specific application requirements coupled with appropriate validation tools and methodologies on the ground [28] . In this contribution, we explored the capability of VIs to detect stress due to the presence of drought. With respect to References [27] and [28] , we focused on fewer indices, i.e., the broadband indices, because they are more consolidated than narrowband indices due to their recurrence in the literature. In Table 1 , the list of VIs used in this study is provided. ρ refers to reflectance and the subscripts refer to specific spectral bands or wavelengths (i.e., NIR refers to the average in the band interval 750-1100 nm, VIS to the average in the band interval 580-750 nm, RED to the average in the band interval 600-700 nm and GREEN to the average in the band interval 500-600 nm). In this contribution, we explored the capability of VIs to detect stress due to the presence of drought. With respect to References [27, 28] , we focused on fewer indices, i.e., the broadband indices, because they are more consolidated than narrowband indices due to their recurrence in the literature. In Table 1 , the list of VIs used in this study is provided. ρ refers to reflectance and the subscripts refer to specific spectral bands or wavelengths (i.e., NIR refers to the average in the band interval 750-1100 nm, VIS to the average in the band interval 580-750 nm, RED to the average in the band interval 600-700 nm and GREEN to the average in the band interval 500-600 nm). In order to evaluate the performance of the VIs presented in this study, the VI contrast, VI contrast , defined as the difference between the maximum and minimum values assumed by each index, divided by the average among the two values, was examined.
It was assumed that "healthy" and "unhealthy" plants may be associated with the extreme values assumed by each index, consistently with their mathematical definition. The VI contrast was then employed to identify those indices that showed the most remarkable variations.
Results
The spectra of plants in a healthy and unhealthy state for the three species monitored in this study (not shown) highlighted that spectral signatures of plants in a healthy state presented the characteristic behaviour of vegetation described in Reference [20] and briefly described in the introduction. In Reference [25] , a preliminary investigation of the trend of a limited number of vegetation indices within the monitoring period for all the species under investigation is presented. All trends revealed an initial suffering period (December 2014-March 2015) after which the vegetation health improved. In this contribution, we investigated a wider number of vegetation indices and correlated their trend with the soil normalized volumetric water content (VWC), also called effective saturation, as well as with the relevant meteorological parameters monitored during the acquisition period through the analysis of variance (ANOVA) approach. Figure 2 shows the daily and the longer period fluctuations of the volumetric water content. During wintertime, the daily variations of VWC were less pronounced due to the lower evapotranspiration. Because of the lack of precipitations and anomalous weather conditions during the second half of April, the VWC values dropped from over 75% to roughly 20%. The increase in the VWC during the second half of May corresponded to the activation of the sprinkler system. Table 2 presents the VI contrast obtained for the investigated broadband indices. For each VI, the extreme values (minimum and maximum values) within the time-series were identified. Several indices showed an appreciable variation during the monitoring period. Remarkably, several indices showed higher VI contrast than the NDVI index, which was one of the most widely used in the literature. In order to confirm the outcomes of this qualitative analysis and to perform a quantitative assessment, the suitability of the investigated indices to discriminate green roof vegetation health state was evaluated through the ANOVA [29, 30] . Tables 3-5 present the results of a one-way ANOVA. Four different water content (Θ) levels were identified (Θ < 20%; 20% < Θ < 45%; 45% < Θ < 60%; Θ > 60%) as well as the average vegetation indices (with related Fand p-values) for each water content level and plant species. From the results, 6, 9 and 12 out of the 14 indices showed a significant difference between the four water content categories at the p = 0.05 level for Carpobrotus, Cerastium and Dianthus, respectively. Carpobrotus belongs to the succulent plant family and for this reason a lower number of indices was significant for that species compared to the other two species under investigation. It is worth noting that vegetation indices commonly used in literature were developed for shrubs or bushes [29] which present characteristics different than succulent plants.
For Cerastium and Dianthus, all vegetation indices increased as the water content increased until Θ < 60%, indicating healthy crops, while they decreased for Θ > 60%, probably due to the excessive water content. For Carpobrotus, this trend was not confirmed due to its lesser water demand. The ANOVA test partially confirmed the VI contrast results shown in Table 2 . In fact, the most significant indices resulted to be IRG, Red NDVI and EVI for Carpobrotus; Red RVI, Red NDVI, OSAVI, MTVI, MSAVI, MSR, SR, EVI and NDVI for Cerastium; and Red DVI, IRG, Red RVI, Red NDVI, OSAVI, RDVI, EVI, MTVI, MSAVI, GEMI and TVI for Dianthus. By comparing the one-way ANOVA with VI contrast results, MTVI was not significant for Carpobrotus and MSR was not significant for Dianthus. Table 3 . Analysis of variance for Carpobrotus vegetation indices for different water content levels (Θ). Figure 5 shows the trend within the monitoring period of the broadband VIs selected according to the VI contrast analysis and the ANOVA test applied for the three plant species installed over the green roof. The x-axes indicate the time interval, while the y-axes indicate the corresponding VI values (dimensionless). The analysis of Figure 5 makes it possible to evaluate the eco-physiological status of the single species installed on the green roof and to understand the VI trend according to the plant health state. In fact, due to its formulation, the VI contrast is positive by definition and it does not provide such information.
Vegetation Index
The trends reflected an initial suffering period (December 2014-March 2015) related to the cold winter climate for the Mediterranean environment, the worsening related to anomalous weather conditions in May and the health improvement after the sprinkler system activation. The suffering period coincided with low average values of air temperature and solar radiation registered by the monitoring station. During the winter months, the daily air temperature varied between 0 • C and 15 • C (average value of 9 • C), whereas solar radiation was between 1 MJ/(m 2 day) and 16 MJ/(m 2 day) ( Figure 1 ). The general conditions in the green roof vegetation improved in springtime except for the first week of May, when air temperature rose to 28 • C and average daily solar radiation was 26.5 MJ/(m 2 day). The lack of precipitation, the high temperature and solar radiation values determined dryness and water shortage. To prevent the plant dying, the sprinkler system on the roof was activated. The plants benefited from this and a clear change in the indices was recorded. Figure 5 also makes it possible to establish which species were affected the most. In fact, the absolute value of the indices and their variations make it possible to conclude that Carpobrotus was the most distressed species during the monitoring period. These assessments reflect the real state of the plants observed during the entire acquisition period. Figure 5 clearly shows that VI values differed from one phenological stage to another. Each VI had its own unique phenological diagram. Nevertheless, a consistent behaviour could be recognized. In fact, Red DVI, Red NDVI, EVI, MTVI, GEMI, TVI and NDVI decreased when a stress state occurred. The trends reflected an initial suffering period (December 2014-March 2015) related to th winter climate for the Mediterranean environment, the worsening related to anomalous w conditions in May and the health improvement after the sprinkler system activation. The su period coincided with low average values of air temperature and solar radiation registered monitoring station. During the winter months, the daily air temperature varied between 0 °C °C (average value of 9 °C), whereas solar radiation was between 1 MJ/(m 2 day) and 16 MJ/(m (Figure 1 ). The general conditions in the green roof vegetation improved in springtime except first week of May, when air temperature rose to 28 °C and average daily solar radiation w MJ/(m 2 day). The lack of precipitation, the high temperature and solar radiation values deter dryness and water shortage. To prevent the plant dying, the sprinkler system on the roo activated. The plants benefited from this and a clear change in the indices was recorded. Figure 5 also makes it possible to establish which species were affected the most. In fa absolute value of the indices and their variations make it possible to conclude that Carpobrot the most distressed species during the monitoring period. These assessments reflect the real s the plants observed during the entire acquisition period. Figure 5 clearly shows that VI differed from one phenological stage to another. Each VI had its own unique phenological dia Nevertheless, a consistent behaviour could be recognized. In fact, Red DVI, Red NDVI, EVI, GEMI, TVI and NDVI decreased when a stress state occurred.
Discussion and Conclusions
The results of the monitoring field survey highlight the versatility of the hypersp apparatus. Sampling turned out to be rapid, portable, non-destructive and applicable to scale leaf to canopy. The computation of vegetation indices turned out to be a fast and efficient w manage the huge amount of data provided by the sensing device. The comparison of the i demonstrated the possibility of estimating the plant eco-physiological state, highlighting the pr of unhealthy vegetation due to the presence of drought. The measurements carried out showe the stress effects on the physiology of the plant may occur beyond the visible region and, in part in the near infrared region. The availability of a wide range of wavelengths is, thus, an indispe element to highlight the state of stress of plants. Due to the remarkable performances broadband indices Red DVI, SR and TVI in highlighting the vegetation health state, the use o than one VI is suggested for monitoring the green roof plants' health condition and optimisi device functioning. 
The results of the monitoring field survey highlight the versatility of the hyperspectral apparatus. Sampling turned out to be rapid, portable, non-destructive and applicable to scales from leaf to canopy. The computation of vegetation indices turned out to be a fast and efficient way to manage the huge amount of data provided by the sensing device. The comparison of the indices demonstrated the possibility of estimating the plant eco-physiological state, highlighting the presence of unhealthy vegetation due to the presence of drought. The measurements carried out showed that the stress effects on the physiology of the plant may occur beyond the visible region and, in particular, in the near infrared region. The availability of a wide range of wavelengths is, thus, an indispensable element to highlight the state of stress of plants. Due to the remarkable performances of the broadband indices Red DVI, SR and TVI in highlighting the vegetation health state, the use of more than one VI is suggested for monitoring the green roof plants' health condition and optimising the device functioning.
Results confirmed the low performance of the NDVI index in detecting a worsening of a plant health state and justify the interest in the development of new indices, which are less sensitive to external influences as is the NDVI. These indices are theoretically more reliable than NDVI, although their extensive use in detecting the vegetation health state is recent.
Recalling the mandatory characteristics of green roof plants, i.e., fast and efficient reproducibility, shortness in height and cushion-forming, shallow and spreading roots and succulent leaves [16] , the three canopy species planted in the University of Calabria's green roof appear particularly suited to guarantee the performance of the green roof assuming proper operative procedures for real-time monitoring of their health condition are set-up.
In this contribution, vegetation detection and a health state investigation were conducted employing broadband indices. Nevertheless, the hyperspectral sensors provided high-spectral resolution data that may be profitably employed to compute narrowband indices that are likely to be more effective to characterize vegetation. 
